Introduction {#S0001}
============

Radial keratotomy (RK) and laser in situ keratomileusis (LASIK) were highly popular in the 1980s and 1990s to correct refractive error. As the population ages, patients with history of RK and LASIK are increasingly presenting with cataracts. Such patients frequently desire spectacle independence, but present multiple technical challenges for the surgeon. LASIK and RK can result in corneal aberrations and progressive corneal flattening that can cause hyperopic shift, and in the case of LASIK, inconsistencies between the anterior and posterior corneal curvature. This complicates lens power calculations, making postoperative outcomes unpredictable.

Pseudoaccommodative[@CIT0001] and hybrid monovision[@CIT0002] provide post-RK patients with depth of focus, but do not correct corneal aberrations that can affect patient satisfaction. Multifocal intraocular lenses (IOLs) can provide good vision at all distances,[@CIT0003] but there is a high incidence of visual symptoms such as glare and haloes due to the multiple refractive zones of the lens that emphasize the effect of corneal aberrations.[@CIT0004],[@CIT0005]

The IC-8 IOL combines pinhole technology, through the use of an opaque mask composed of polyvinylidene difluoride and carbon nanoparticles with a central 1.36 mm aperture, with an aspheric hydrophobic acrylic monofocal lens platform. The pinhole effect may attenuate the impact of corneal aberrations, while providing continual extended depth of focus. The AT Lisa 939M IOL is an aspheric trifocal lens. Aspheric lenses reduce the amount of induced higher order aberrations (HOAs), particularly spherical aberration (SA), and result in higher postoperative mesopic VA, contrast sensitivity (CS) and optical transfer function compared to spheric lenses.[@CIT0006]--[@CIT0009]

This case series reports two cases of cataract surgery in patients with previous history of RK and one case with previous RK and astigmatic keratotomy (AK), where an IC-8 IOL was implanted into the non-dominant eye and an aspheric IOL was implanted into the dominant eye, and one case of bilateral implantation of trifocal AT Lisa 939M IOLs in a patient with previous history of RK and LASIK.

Patients and Methods {#S0002}
====================

Routine uncomplicated phacoemulsification was performed by a single surgeon (SA) bilaterally on two patients with previous history of bilateral myopic RK, one patient with previous history of RK and AK, and one patient with previous history of myopic RK and LASIK. Each post-RK patient had between 8 and 16 incisions, however pre-keratorefractive refractions and other information regarding the procedures were unavailable as they were performed up to 30 years ago by a different surgeon. Lens power was calculated using the Barrett True-K calculator, available on the Asia-Pacific Association of Cataract and Refractive Surgeons website ([[calc.apacrs.org/barrett_universal2015/](http://calc.apacrs.org/barrett_universal2015/)]{.ul}), using a target refraction of −0.75 D for eyes to receive the IC-8 IOL and between 0 D and ±0.5 D for the eyes to receive the standard monofocal and trifocal IOLs. Following surgery, the patients were instructed to commence ofloxacin (Allergan; Ocuflox; Dublin, Ireland) and prednisolone acetate/phenylephrine hydrochloride (Allergan; Prednefrin forte; Dublin, Ireland) eye drops, applying one drop every 2 hrs until bed time. From the following day, the patients were advised to continue using ofloxacin and prednisolone acetate/phenylephrine hydrochloride eye drops applying one drop qid for 2 weeks and 3--4 weeks respectively, and to commence using ketorolac (Allergan; Acular; Dublin, Ireland) eye drops applying one drop qid for 3 days. At 1 and 6 months postoperatively, uncorrected distance (UDVA; equivalent to 6 metres), intermediate (UIVA; equivalent to 1 metre) and near (UNVA; equivalent to 40 cm) VA, manifest refraction and uncorrected stereoacuity were measured. Stereoacuity was measured using the Stereo Fly Test at 40 cm. Uncorrected contrast sensitivity function (CSF) was measured under mesopic conditions using a sinus chart, and modulation transfer function (MTF) was measured using an iTrace (Tracey Technologies; Houston, USA) autorefractor and a 2 mm pupil size. Mean values were compared using a paired *T*-test assuming P\<0.05 was statistically significant. A questionnaire, adapted from the Pseudophakic Dysphotopsia Questionnaire published by Kinard et al[@CIT0010] was also performed to assess the impact of visual artefacts such as glare and haloes, and spectacle dependence. Informed written consent to publish was obtained from all patients prior to commencing postoperative testing. Institutional approval was not required to conduct this study or to publish the results.

Case 1 {#S0002-S2001}
------

A 73-year-old patient presented complaining of deterioration of vision in both eyes. The patient had undergone bilateral myopic RK with monovision +30 years previously; the right eye was adjusted for near vision and the left eye was adjusted for distance vision. Preoperative manifest refraction was −1.25 DS/-1.5 DC x 88° and +0.5 DS/-2.25 DC x 108° in the right and left eye respectively, and best corrected distance visual acuity (CDVA) was 20/125 in the right eye and 20/40 in the left eye. Measured total preoperative corneal HOAs were 0.286 μm and 0.314 μm in the right and left eyes respectively. Coma scores were 0.106 μm in the right eye and 0.098 μm in the left eye. The patient was found to have bilateral dense cataracts worse in the left eye along with posterior vitreous detachment in the right eye. Corneal topography showed bilateral irregular astigmatism and corneal flattening ([Figure 1](#F0001){ref-type="fig"}). The left eye received a +24.5 D AcrySof IQ SN6AT4 toric lens (Alcon; SN6AT4; Texas, USA) and the right eye received a +22.5 D IC-8 (AcuFocus; Irvine, California, USA) lens. At the final visit, refraction was −1.0 DS in the IC-8 eye and −0.25 DS/-0.50 DC x 110° in the monofocal toric eye. Uncorrected visual acuities were 20/20, 20/16, and N6 for distance, intermediate and near vision respectively for the IC-8 eye, 20/20, 20/20 and N10 respectively for the monofocal toric eye, and 20/20, 20/16 and N5 respectively for both eyes. Stereoacuity threshold was 200 seconds of arc (sec arc). The patient did not require spectacles and did not report any visual disturbances.Figure 1Preoperative corneal topography of a patient with previous history of bilateral myopic RK with monovision (Case 1), of bilateral myopic RK (Case 2), of bilateral RK and AK (Case 3) and of bilateral myopic RK and LASIK (Case 4) showing central irregular corneal flattening.

Case 2 {#S0002-S2002}
------

A 65-year-old patient presented complaining of deteriorating vision. The patient had undergone bilateral myopic RK +20 years previously. Preoperative manifest refraction was +2.75 DS/-0.75 DC x 73° and +1.75 DS/-0.5 DC x 150° in the right and left eye respectively, and CDVA was 20/25 in the right eye and 20/20 in the left eye. Measured total preoperative corneal HOAs were 0.350 μm and 0.210 μm, with coma scores of 0.26 μm and 0.16 μm in the left and right eyes respectively. Cataracts were identified bilaterally and an epi-retinal membrane was noted in the right eye. Corneal topography showed bilateral irregular astigmatism and central corneal flattening ([Figure 1](#F0001){ref-type="fig"}). The right eye received a +24.5 D AcrySof IQ SN60WF monofocal lens (Alcon; Texas, USA) and the left eye received a +25.0 D IC-8 lens. At the final visit, refraction was plano/-0.50 DC x 150° in the IC-8 eye and plano/-0.75 DC x 65° in the monofocal eye. Uncorrected visual acuities were 20/40, 20/40, and N10 for distance, intermediate and near vision respectively for the IC-8 eye, 20/35, 20/12.5 and N8 for the monofocal eye, and 20/25, 20/12.5 and N6 respectively for both eyes. Stereoacuity threshold was 400 sec arc. The patient did not require spectacles and did not report any visual disturbances.

Case 3 {#S0002-S2003}
------

A 72-year-old patient presented complaining of flashes and floaters in the right eye. The patient had undergone bilateral RK and AK +25 years previously. Preoperative manifest refraction was +1.0 DS/-0.25 DC x 90° and +1.5 DS/-1.5 DC x 112° in the right and left eye respectively, and BCVA was 20/40 in the right eye and 20/60 in the left eye. Measured total preoperative corneal HOAs were 0.503 μm and 0.504 μm, with coma scores of 0.11 μm and 0.21 μm in the left and right eyes respectively. The patient was diagnosed with posterior vitreous detachment in the right eye accompanied by vitreous haemorrhage, and early nuclear sclerosis. Corneal topography showed irregular astigmatism and central corneal flattening ([Figure 1](#F0001){ref-type="fig"}). Retinopexy was performed in the right eye for a retinal tear, and BCVA was maintained at 20/24 in that eye. Two years following the retinopexy procedure, a +19.5 AcrySof IQ SN6AT4 toric lens was implanted in the right eye, and a +22.0 IC-8 lens was subsequently implanted in the left eye. At the final visit, refraction was plano/-1.75 DC x 110° in the IC-8 eye and +0.5 DS in the monofocal eye. Uncorrected visual acuities were 20/25, 20/16 and N10 in the IC-8 eye, 20/20, 20/25 and N12 in the monofocal eye and 20/20, 20/16 and N8 with both eyes for distance, intermediate and near vision respectively. Stereoacuity threshold was \>400 sec arc. The patient required spectacles only for reading small print, but did not report any visual disturbances.

[Figure 2](#F0002){ref-type="fig"} shows intraoperative images of the left eye of Case 3, prior to and following implantation of the IC-8 IOL.Figure 2Intraoperative images of the left eye (**A**) prior to and (**B**) following implantation of the IC-8 IOL.

Case 4 {#S0002-S2004}
------

A 69-year-old patient presented with increasing hyperopia and astigmatism following bilateral myopic RK and myopic LASIK +25 years previously. Preoperative manifest refraction was +2.5 DS/-1.0 DC x 91° and +3.25 DS/-3.0 DC x 112° in the right and left eye respectively, and BCVA was 20/30 in the right eye and 20/25 in the left eye. Measured total preoperative corneal HOAs were 0.394 μm and 0.352 μm, with coma scores of 0.019 μm and 0.154 μm in the right and left eyes respectively. Corneal topography showed irregular astigmatism and central corneal flattening ([Figure 1](#F0001){ref-type="fig"}). A diffractive aspheric 22.0 cyl +9.0 AT Lisa tritoric 939M IOL (Zeiss; Oberkochen, Germany) was implanted into the right eye, and a sph +21.5 D cyl +9.5 D 939M tritoric AT Lisa IOL was implanted into the left eye. At the final visit, refraction was plano/-3.5 DC x 160° in the right eye and −0.5 DS/-2.5 DC x 180° in the left eye. Uncorrected visual acuities were 20/63 (corrected to 20/40), 20/32 and N10 in the right eye, 20/30 (corrected to 20/25), 20/32 and N8 in the right eye and 20/30, 20/32 and N8 with both eyes for distance, intermediate and near vision respectively. Uncorrected distance vision under night time simulating conditions (mesopic, low contrast) was 20/80 in the right eye, 20/50 in the left eye and 20/32 with both eyes. The patient was satisfied with his vision and reported no visual disturbances such as glare or haloes, but stated that he required spectacles for activities that require excellent far distance vision such as playing golf. Postoperative corneal topography and MTF could not be measured as the patient could not attend the appointment.

For patients that received the IC-8 IOLs (ie Cases 1--3), there was no significant difference (P\>0.05) in the average MTF between the eyes that received the IC-8 and the eyes that received the monofocal IOLs ([Figure 3A](#F0003){ref-type="fig"}). Similarly, there was no significant differences in average CSF between the eyes that received the IC-8, multifocal and monofocal IOLs (P\>0.05), except for between eyes that received multifocal and monofocal IOLs at 3 cpd (P\<0.01), where the average CSF for the eyes that received the multifocal IOLs was reduced by 71% compared to the eyes that received the monofocal IOLs ([Figure 3B](#F0003){ref-type="fig"}).Figure 3(**A**) Average automated MTF and (**B**) average uncorrected mesopic CSF in post-refractive patients following cataract surgery and lens implantation. Error bars are ± 1 standard deviation. Significant differences (P = 0.05) are denoted by an asterisk.

Discussion {#S0003}
==========

Cataract surgery in post-keratorefractive patients is complicated by inaccuracy in preoperative IOL measurements and high patient expectations. Multifocal IOLs have successfully restored good vision at all distances in patients with previous history of RK[@CIT0004],[@CIT0005] or LASIK.[@CIT0008],[@CIT0009] However, spherical IOLs can result in a reduction in postoperative CS,[@CIT0006],[@CIT0007] and visual disturbances such as glare or haloes which can negatively affect patient satisfaction.[@CIT0011],[@CIT0012] A recent clinical trial of 939M AT Lisa IOL implantation in eyes with virgin corneas reported high levels of patient satisfaction, with CS falling within the normal range, and a low incidence of visual disturbances.[@CIT0013] However, to our knowledge, no studies on the implantation of the AT Lisa 939M IOL in eyes with previous history of keratorefractive procedures have been published. The IC-8 IOL has recently provided patients with corneal irregularities resulting from trauma[@CIT0014] and previous kerato-refractive procedures[@CIT0015],[@CIT0016] an extended range of vision while avoiding the problems associated with monovision and multifocal IOLs; patients generally achieve spectacle independence and good vision at all distances,[@CIT0014]--[@CIT0016] and CS and stereopsis[@CIT0016] are well maintained. This case series reports the outcomes of unilateral IC-8 IOL implantation in two patients with history of bilateral myopic RK and one patient with history of bilateral myopic RK and AK, and bilateral implantation of AT Lisa 939M trifocal toric IOLs in a single patient with history of PRK and LASIK.

Most of the complexity associated with lens implantation in post-RK eyes is due to the central corneal flattening that can lead to underestimation of the corneal power and to progressive hyperopic shift. To address this, the lens power was calculated using Barrett True K formula. This formula incorporates true net power into the calculation to accommodate for inconsistencies between central and peripheral corneal curvature. To counteract postoperative hyperopic shift, a slightly myopic target refraction of −0.75 D was used for eyes that were to receive the IC-8 IOL. Owing to the extended depth of focus of IC-8 IOL, the lens can tolerate up to 1.5 D of cylindrical refractive error,[@CIT0017],[@CIT0018] accommodating for the residual refraction while offsetting any myopic shift. A target refraction of 0.0 D to −0.5 D was used for the patient that received the AT Lisa IOLs and for eyes that received monofocal lenses. At 6 months postoperatively, all eyes that received the IC-8 IOL were within ± 0.5 D of the target refraction of −0.75 D (ie postoperative spherical equivalents of −1.0 D, −0.25 D and −0.875 D for Case 1, 2 and 3 respectively), improving from an average preoperative SE of 0.08 D to a postoperative SE of −0.71 D. All eyes that received the monofocal IOLs were also within ± 0.5 D of the plano target, improving from −0.875 D preoperatively to −0.125 D postoperatively. Furthermore, binocular UDVA, UIVA and UNVA were 20/25 or better, 20/16 or better and N8 or better respectively, and two patients achieved full spectacle independence with the remaining patient requiring spectacles for small print only. Although there was up to 0.5 D of refractive error despite the use of the Barrett True K formula to calculate lens power, it was well tolerated by all the three patients who received IC-8 IOL. All the patients expressed satisfaction with their vision and spectacle independence for most of the routine tasks. Notably, Cases 2 and 3 had −0.5 DC and −1.75 DC of against the rule residual astigmatism. Although this is usually poorly tolerated postoperatively, the pinhole effect of the IC-8 may allow for refractive error to be compensated for, and may in fact help to enhance depth of focus as induced astigmatism has previously been reported to help enhance depth of focus for near vision.[@CIT0019] The patient who received the AT Lisa IOLs (i.e., Case 4) presented postoperatively with fluctuating refraction, a common postoperative complication of RK, and postoperative myopia in both eyes; mean SE decreased from 1.875 D preoperatively to −1.75 D postoperatively. This overcorrection could be due to preoperative instability of the cornea and fluctuations in preoperative or postoperative refraction. Despite this, the patient was satisfied with his vision and did not express a need for glasses except when playing golf. As the post-refractive cornea can continue to get progressively flatter, longer term follow up will need to be performed to determine if these outcomes can be maintained.

Conventional monovision causes a loss in stereopsis that can negatively affect patient outcome.[@CIT0020] However, mini-monovision can yield similar stereoacuity to the normal population when combined with small aperture inlays.[@CIT0020] The average postoperative stereopsis threshold for Case 1 and 2 was 300 sec arc, within the normal range of the age-matched general population.[@CIT0021] However, Case 3 had reduced stereopsis (ie \>400 sec arc) postoperatively. Postoperative SE for this patient was −0.875 in the IC-8 eye and +0.5 in the monofocal eye, i.e., more than a dioptre difference possibly causing anisometropia and reduced stereopsis. This suggests that mini-monovision combined with small aperture technology can be well tolerated, however unintended postoperative anisometropia may still have a negative effect on stereoacuity.

Patients with previous history of corneal refractive procedures are susceptible to visual disturbances such as glare and haloes due to corneal irregularities and low tolerance. The pinhole effect of the IC-8 IOL may ameliorate the effect of peripheral HOAs, as there is a strong positive correlation between pupil size and the amount of HOAs following refractive procedures.[@CIT0022] Aspheric multifocal IOLs have also been reported to induce less HOAs than spherical IOLs,[@CIT0007] and the AT Lisa 939M IOL has been reported to have a low incidence of postoperative glare and haloes.[@CIT0013] No patients involved in this study reported visual disturbances, suggesting that corneal aberrations are well tolerated by these lenses.

Multifocal IOLs often result in poor CSdue to the splitting of light between the different diffraction zones of the lens. This is most pronounced under low light conditions and high spatial frequencies.[@CIT0023] CSwas tested using two methods; mesopic uncorrected CSF and automated MTF. CSF for eyes that received the multifocal IOLs was significantly reduced (P\<0.05) compared to eyes that received the monofocal IOLs at 3 cpd ([Figure 3](#F0003){ref-type="fig"}). However, the small sample size and inconsistency in patient characteristics make meaningful statistical analysis impossible. There was, however, a general trend of lower CSF in eyes with higher amounts of preoperative coma, i.e., more than approximately 0.2 µm. This is consistent with previous reports that mesopic CS in post-LASIK patients negatively correlates with coma-like aberrations when the photopic pupil is \<4 mm, and with SAwhen the photopic pupil is \>4 mm.[@CIT0024],[@CIT0025] Differences in visual function between patients may therefore be dependent on variation in individual HOA profiles, and may suggest that visual function and CS may become compromised in some post-refractive patients with clinically significant HOAs that receive IC-8 or multifocal IOLs as previously reported.[@CIT0008],[@CIT0009] Although this may affect patient satisfaction, no patients for this study expressed dissatisfaction with their quality of vision, suggesting that reduced CS may be perceived as a fair trade off to achieve spectacle independence. A comprehensive large-scale study will need to be performed to fully evaluate how CS is affected by corneal HOAs, and how this effect may be tolerated by the IC-8 and AT Lisa 939M IOLs under different lighting conditions.

Conclusion {#S0004}
==========

Current extended depth of focus IOLs can provide post-refractive patients with a good range of vision and high degree of spectacle independence. Patients who receive IC-8 IOLs however may require reading glasses under low light conditions when their visual function may be negatively affected, and patients that receive multifocal lenses such as the AT Lisa 939M IOL may experience reduced CS possibly due to the diffractive design of the IOL. Extended depth of focus lenses such as the IC-8, and diffractive multifocal lenses such as the AT Lisa 939M, may therefore be used in patients wanting spectacle independence following corneal refractive procedures but with caution and detailed preoperative counseling. Thorough analysis of the preoperative topography is essential and it is recommended that each patient is treated on a case by case basis rather than a one-size-fits-all approach.
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